The mass function of dwarf satellite galaxies that are observed around Local Group galaxies differs substantially from simulations 1-5 based on cold dark matter: the simulations predict many more dwarf galaxies than are seen. The Local Group, however, may be anomalous in this regard 6, 7 . A massive dark satellite in an earlytype lens galaxy at a redshift of 0.222 was recently found 8 using a method based on gravitational lensing 9, 10 , suggesting that the mass fraction contained in substructure could be higher than is predicted from simulations. The lack of very low-mass detections, however, prohibited any constraint on their mass function. Here we report the presence of a (1.9 6 0.1) 3 10 8 M 8 dark satellite galaxy in the Einstein ring system JVAS B19381666 (ref. 11) at a redshift of 0.881, where M 8 denotes the solar mass. This satellite galaxy has a mass similar to that of the Sagittarius 12 galaxy, which is a satellite of the Milky Way. We determine the logarithmic slope of the mass function for substructure beyond the local Universe to be 1:1 z0:6 {0:4 , with an average mass fraction of 3:3 z3:6 {1:8 per cent, by combining data on both of these recently discovered galaxies. Our results are consistent with the predictions from cold dark matter simulations [13] [14] [15] at the 95 per cent confidence level, and therefore agree with the view that galaxies formed hierarchically in a Universe composed of cold dark matter.
The mass function of dwarf satellite galaxies that are observed around Local Group galaxies differs substantially from simulations [1] [2] [3] [4] [5] based on cold dark matter: the simulations predict many more dwarf galaxies than are seen. The Local Group, however, may be anomalous in this regard 6, 7 . A massive dark satellite in an earlytype lens galaxy at a redshift of 0.222 was recently found 8 using a method based on gravitational lensing 9, 10 , suggesting that the mass fraction contained in substructure could be higher than is predicted from simulations. The lack of very low-mass detections, however, prohibited any constraint on their mass function. Here we report the presence of a (1.9 6 0.1) 3 10 8 M 8 dark satellite galaxy in the Einstein ring system JVAS B19381666 (ref. 11 ) at a redshift of 0.881, where M 8 denotes the solar mass. This satellite galaxy has a mass similar to that of the Sagittarius 12 galaxy, which is a satellite of the Milky Way. We determine the logarithmic slope of the mass function for substructure beyond the local Universe to be 1:1 z0:6 {0:4 , with an average mass fraction of 3:3 z3:6 {1:8 per cent, by combining data on both of these recently discovered galaxies. Our results are consistent with the predictions from cold dark matter simulations [13] [14] [15] at the 95 per cent confidence level, and therefore agree with the view that galaxies formed hierarchically in a Universe composed of cold dark matter.
The gravitational lens system JVAS B19381666 (ref. 11) has a bright infrared background galaxy at redshift z 5 2.059 (ref. 16) , which is gravitationally lensed into an almost complete Einstein ring of diameter ,0.9 arcsec by a massive elliptical galaxy at redshift z 5 0.881 (ref. 17 ). This bright, highly magnified Einstein ring makes this system an excellent candidate in which to search for surface brightness anomalies caused by very low-mass (dark matter) substructure in the halo around the high-redshift elliptical lens galaxy. The presence of a low-mass substructure (for example a luminous or dark satellite galaxy) in the lens galaxy can introduce a localized perturbation of the arc surface brightness distribution. Owing to the multiplicity of the gravitationally lensed images that form these arcs, these surface brightness 'anomalies' can be analysed using a pixelated-lens modelling technique and used to gravitationally detect and quantify the total mass and position of the substructure, down to masses as low as ,0.1% of the mass of the lens inside the Einstein radius 9, 10 . The lens system was imaged at 1.6 and 2.2 mm using the Near Infrared Camera 2 on the W. M. Keck 10-m telescope in June 2010. The adaptive optics system was used to correct the incoming wavefront for the blurring induced by the atmosphere, providing a nearly diffraction-limited point spread function with a fullwidth at half-maximum of ,70 mas. Further details of the data sets and their image processing can be found in Supplementary Information. A smooth parametric model for the lens potential was constrained by using the surface brightness emission from the Einstein ring of each data set independently, having first removed the smooth light contribution from the lensing galaxy. We represented the mass model using an ellipsoidal power law, r(r) / r 2c , where r(r) is the combined luminous and dark matter density as a function of the ellipsoidal radius, r. The best-fitting model was then fixed and further refined using local potential corrections defined on a regular grid, which are translated into surface density corrections using the Laplace operator. We found for both the 1.6-and the 2.2-mm adaptive optics data sets that there was a significant positive density correction, which indicated the presence of a mass substructure ( Fig. 1 and Supplementary Information). Directly from the pixelated potential correction, we measured a substructure mass of *1:7|10
8 M 8 inside a projected radius of 600 pc around the density peak.
As an independent test, we repeated the analysis of the 2.2-mm data set, which had the highest-significance positive density correction, with different models of the point spread function, different data reduction techniques, different rotations of the lensed images, different models for the lens galaxy surface brightness subtraction and different resolutions for the reconstructed source. We also analysed an independent data set taken at 1.6 mm with the Near Infrared Camera and Multi-Object Spectrograph on board NASA's Hubble Space Telescope. In total, we tested fourteen different models and three different data sets that all independently led to the detection of a positive density correction at the same spatial position, although with varying levels of significance (Supplementary Information). Differential extinction across the gravitational arc could also produce a surface brightness anomaly. However, the colour of the arc was found to be consistent around and at the location of substructure, ruling out the possibly that dust affected our results.
We used an analytic model to determine the mass and the statistical significance of the substructure in the context of a physical model 9, 10 . In this analytic approach, a truncated pseudo-Jaffe model was used to parameterize the substructure mass and position, giving three extra free parameters. To obtain a good fit to the observed surface brightness distribution of the lensed background source at 2.2 mm, we found that a substructure was required at a position consistent with the positive density correction detected above. Assuming the substructure to be situated in the plane of the lens galaxy, we objectively compared the smooth and the substructure parametric models in terms of the Bayesian evidence, which is the probability of the data given the model (marginalized over all parameters). Computing the marginalized evidence involved integrating over the multidimensional parameter space within predefined priors. In particular, we assumed that the substructure was equally likely to be located at any point in the lens plane and to have a mass between 4:0|10 6 M 8 and 4:0|10 9 M 8 , the mass range in which comparison with simulations is possible 13, 14 . See Supplementary Information for further details on the Bayesian evidence. We found that our nominal model, with a substructure of mass M sub~( 1:9 6 0:1)|10 8 M 8 located at (0.036 6 0.005 arcsec, 0.576 6 0.007 arcsec) relative to the lensing galaxy (in sky coordinates defined positive towards the west and the north, respectively), was preferred by a factor of e 65 over a smooth model. This would heuristically correspond to a 12s detection of the substructure, if the posterior probability distribution function were Gaussian. This agrees well with the substructure mass found by the pixelated potential correction method described above, given the systematic and statistical uncertainties (Supplementary information).
We also considered a model containing two substructures. The corresponding Bayesian evidence was significantly lower than the Bayesian evidence of the smooth model and that of the singlesubstructure model. Above, we have quoted the statistical uncertainties for the substructure mass and position, but the uncertainties will also be related to several sources of systematic error, which are discussed in Supplementary Information. In general, the uncertainty in the substructure mass (under the assumption that it is located in the lens plane) is entirely dominated by the inference in the tidal truncation radius, which requires the substructure to be de-projected, yielding a systematic uncertainty of 0.45 dex.
On the basis of the detection of the substructure, we calculated the joint posterior probability function for the projected mass fraction of the halo that is made up of substructure 18 , f, and the slope, a, of the substructure mass function (where dN / M 2a dM, where N is the number density of subhaloes per comoving volume and M is the substructure mass; Supplementary Information). For the JVAS B19381666 lensing galaxy (M lens~2 :46|10 10 M 8 within an Einstein radius of 3.39 kpc), we found that f~3:9 z3:6 {2:4 % at the 68% confidence level, using a uniform prior probability distribution for a, for a substructure mass range of 4:0|10 6 M 8 to 4:0|10 9 M 8 . For a Gaussian prior probability distribution for a centred at 1.9 6 0.1, which is the slope of the mass function predicted from simulations [13] [14] [15] , f~1:5 z1:5 {0:9 % at the 68% confidence level. The predicted fraction of substructure from simulations within the same mass range and projected distance from the host halo centre is *0:1 z0:3 {0:1 % (ref. 19) , which is marginally smaller than the lower limit implied by our detection of a substructure at the 68% confidence level, independent of the prior set on the slope of the mass function. However, these simulations model the formation of a Milky Way halo at z 5 0, and simulations of elliptical galaxies out to z < 1 must be made before a more quantitative conclusion can be drawn.
Whereas flux ratio anomalies of multiply imaged quasars have previously been used to measure statistically the level of substructure in cosmologically distant lens galaxies [20] [21] [22] [23] , these analyses have degeneracies when the substructures are dark and it is difficult to localize and measure the masses of individual substructures. Hence, the shape of the substructure mass function cannot be constrained and so far it has remained unclear whether the results from quasar flux ratio anomalies are in agreement or disagreement with numerical simulations 19 . Our new low-mass detection also allows us to constrain the slope of the substructure mass function for galaxies other than our own, when combined with the detection of the ,18-fold more massive (3: {1:8 % for elliptical galaxies at the 68% confidence level. These results suggest that the slope of the mass function for elliptical galaxies is similar to that observed for Milky Way satellites, but that elliptical galaxies have higher mass fractions.
So far, detailed studies of the mass and luminosity properties of substructures have been limited to the Milky Way 12, [24] [25] [26] and to some extent also to M31 (ref. 27) , which lies at a distance of ,1 Mpc from the Milky Way. About 30 luminous satellite galaxies detected within the Milky Way virial radius (,250 kpc) are considered possible cases of cold dark matter substructure, albeit at a much lower abundance than is predicted from simulations 15 . Twenty-three of the Milky Way satellites 
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have been found to have masses of *10 7 M 8 within a 300-pc projected radius, from observations of the dynamics of their stars 28 . This method of determining masses is limited to the Local Group owing to the faintness of the satellite galaxies, and can have a systematic error if the satellite is not in dynamic equilibrium or if there is foreground contamination. The three-dimensional mass of the JVAS B19381666 substructure within a radius of 300 pc is M 300~( 7:2 6 0:5)|10 7 M 8 (M 300~3 :4|10 7 M 8 for a singular isothermal sphere model), which is comparable to the masses of the Milky Way satellites 28 , but is hosted by an elliptical galaxy with a velocity dispersion of s SIS 5 187 km s 21 at a co-moving distance of ,3 Gpc, corresponding approximately to a time when the Universe was half the age it is today. A 3s upper limit of L V v5:4|10 7 L V,8 was found for the luminosity of the substructure in the rest-frame V band within the tidal radius, r t 5 440 6 5 pc (L V,8 , V-band solar luminosity). This is about a factor of four brighter than both the Sagittarius and the Fornax dwarf galaxies 12 . The velocity dispersion of the satellite, based on the Einstein radius found from the best-fitting model, is s v < 16 km s
21
, which corresponds to a circular velocity of v circ < 27 km s
. Its three-dimensional mass within 600 pc is M 600~( 1:13 6 0:06)|10 8 M 8 . The observed properties (mass and circular velocity) are comparable to those of the Sagittarius dwarf galaxy, which is a satellite of the Milky Way 12 .
The mass-to-light ratios of low-mass satellites of the Milky Way have also been found to disagree with the expectations from simulations. It has been predicted that satellites with the luminosities of Fornax and Sagittarius should have a velocity dispersion that is a factor of two greater than has been observed (,16 km s 21 ), which represents another problem for the cold dark matter paradigm 6 . In the case of the JVAS B19381666 substructure, the 3s upper limit on the luminosity is in the range of the Fornax and Sagittarius satellites, and the resulting mass-to-light ratio has a lower limit of 3:5M 8 =L V, 8 . Although this result is consistent with the mass-to-light ratios predicted from simulations, the limit on the luminosity of the substructure will need to be decreased by an order of magnitude before any meaningful comparison can be made. This will only be possible with the next generation of large optical telescopes, which is planned to come into operation by the end of the decade.
